Massive amounts of brick waste are obtained from demolition of old buildings and structures around the world. With the increased stress on sustainable construction, and environmentally friendly materials and greener concreting practices, a large proportion of such waste bricks are crushed and mixed with normal aggregates for use in concrete. The performance of concrete containing waste brick aggregates partially replacing normal aggregates have not been investigated for their performance. This paper covers investigations carried out on concrete with such aggregates obtained from demolition waste and mixed with varying proportions of normal aggregates to produce concrete. Two types of crushed brick aggregates were mixed with gravel in the ratios of 30:70 and 40:60 by weight and specimen were cast for investigations. Two w/c ratios were investigated. Various tests were carried out to assess the compressive strength of cubes and cylinders of mixed aggregates concrete along with f1exural strength, stress/strain behavior, moduli of elasticity, ultrasonic pulse velocity determination, densities, surface absorption, shrinkage and frost resistance. The values obtained from these tests were compared with the values of concrete with normal aggregates (gravel) with similar w/c ratios. While the strength tests and durability tests more or less gave satisfactory results however the larger moisture absorption by the waste brick aggregates reduces the frost resistance capacity somewhat thereby care needs to be exercised in using these mixes in regions/areas susceptible to frost.
Introduction
Huge amounts of demolition waste were generated in the world wars. After the Second World War, Germans were the first ones to initiate research on use of waste materials in construction. Massive efforts have gone in research on disposal/ recycling of waste products being generated through various processes.
Explorations of possible usage of such wastes in various industries have been carried out extensively. Shortage of development budgets in developing/ under developed countries forces them to make efforts to find cheaper substitutes that are locally available. Furthermore, most of the masonry construction which was built years ago has already outlived their lives and are being demolished thereby creating large quantities of waste brick. Crushed brick aggregates from bricks obtained from demolition/construction waste are usually added to normal aggregates and used for concreting in many countries however, there has been no information nor research on the performance of such concrete in which normal aggregates have been partly replaced with crushed waste brick aggregates exists in literature neither any information on acceptable percentages of such waste aggregates to be used in various concrete mixes are evaluated, to keep the resulting concrete properties acceptable, though concrete with 100% crushed brick aggregates have been investigated [1] - [8] .
Research Significance
The significance of this research is to investigate the properties of concrete made from partial replacement of natural aggregates in various proportions with abundantly available masonry construction waste from demolition of masonry construction and its use in quality concrete along with requisite care to be practiced in use of such concretes.
Concrete Mixes Used for Experimental Testing
To investigate the performance of concrete with normal aggregates replaced with a percentage of crushed waste brick aggregates, two sets of specimen were prepared for experimental investigation by replacing 30% and 40% by weight of gravel aggregate with crushed waste brick coarse aggregates. The w/c ratios of two characteristic strengths of 35 and 50 N/mm 2 of concrete with gravel were investigated for concrete with mixed gravel and crushed waste brick aggregates.
The concrete specimens used as standard to carry out comparative study were prepared by using Thames Valley gravel as coarse aggregates. Water/cement ratio, quality of water, curing conditions and test methods were kept constant for all specimen. Table 1 gives the quantities per cubic meter of concrete. Table 2 and Table 3 give the properties of concrete with mixed aggregates.
Experimental Testing Regime
Testing regime followed is given below. Four sets of specimen from four different batches were used in all tests:- Note: a) 11% -30% London brick aggregate +70% Gravel; b) 12% -30% London brick aggregate +70% Gravel; c) 21% -30% Sand-lime brick aggregate +70% Gravel; d) 22% -30% Sand-lime brick aggregate +70% Gravel; e) 31% -40% London brick aggregate +60% Gravel; f) 32% -40% London brick aggregate +60% Gravel; g) 41% -40% Sand-lime brick aggregate +60% Gravel; h) 42% -40% Sand-lime brick aggregate +60% Gravel.
Initial surface absorption 150 mm cubes.
Shrinkage 150 mm cubes.
Frost Resistance 150 mm cubes.
All specimen were cured in water at 20˚C for 42 days before testing.
Experimental Testing Results
Results obtained from testing of various test samples are summarized below and are also shown in Tables 3-17.
Compressive Strength
Compressive strength tests on cubes at 7 days and 28 days showed that the rate of development of strength of mixed aggregate concrete was similar to normal aggregate concrete.
Specimen with 30% and 40% of gravel replaced by coarse crushed waste construction brick and waste sand-lime brick aggregates developed satisfactory compressive strengths at the first attempt.
On testing cylinders for 28 days compressive strength, it was observed that the cylinder strength varied from 58% to 78% of cube strength as compared to 60%
to 67% for gravel. Table 4 gives the 28 day compressive strengths of cubes and cylinders for concrete with different percentages of brick and gravel mixed aggregates concrete. strength values for concrete with mixed aggregates are 7% higher on average than concrete with Thames Valley gravel. Table 5 shows the variation in flexural strength of mixed aggregates concrete as compared to brick aggregate concrete and gravel concrete. It can be observed from Table 5 that flexural strength of concrete with brick aggregates is slightly lower than gravel concrete. The flexural strength of concrete with mixed aggregates is higher than both brick aggregate concrete as well as gravel concrete. Table 6 gives the values of static modulus of elasticity for concrete with mixed aggregates.
Flexural Strength
The average static modulus of elasticity was observed to vary between 60%
and 75% for concrete with crushed brick and gravel aggregates mixed in the ratio of 30:70 respectively and between 54% and 66% for concrete with crushed brick and gravel mixed in the ratio of 40:60 respectively, as compared to concrete with gravel aggregates only.
The values of static modulus of elasticity were observed to increase with increase in the compressive strength of concrete. The average static modulus of elasticity for concrete with brick aggregate plus gravel in the ratio 30:70 respectively is 37% lower as compared to concrete with Thames Valley gravel whereas concrete with brick aggregates plus gravel in the ratio of 40:60 respectively is 41% lower. The reduction in static modulus of elasticity of concrete with mixed aggregates is due to lower modulus of elasticity of normal construction brick and sand-lime brick aggregate.
Dynamic Modulus of Elasticity
Test beams 150 × 150 × 750 mm were cast for carrying out the dynamic modulus of elasticity tests. The specimens were cured for 28 days before testing for dynamic modulus of elasticity. Table 7 gives the values of dynamic modulus of elasticity for concrete with mixed aggregates.
The average resonant frequencies observed for concrete with normal construction brick aggregate plus gravel and sand-lime brick aggregate plus gravel were observed to be about 9% to 10% and 8% to 9% lower than for concrete with 
Ultrasonic Pulse Velocity
Ultrasonic pulse velocity tests for observing the velocity of pulses across the mixed aggregate concrete specimen were carried out as per BS 1881: Part 203:
1986. 150 mm cubes were cured for 28 days as per BS 1881: Part 111: 1983 before testing for the pulse velocity. Pulse velocities observed for different concretes are given in Table 8 . Average pulse velocity across concrete with normal construction brick aggregate plus gravel was observed to be 4.27 km/s for aggregate ratio of 30:70 respectively and 4.05 km/s for the aggregate ratio of 40:60 respectively for average values of static moduli of elasticity of 16,508 N/mm 2 
Initial Surface Absorption (ISAT)
ISAT
Shrinkage
Shrinkage tests were carried out in accordance with RILEM Recommendation CPC 9-Measurement of shrinkage and swelling. 100 × 100 × 500 mm prismatic specimen were cast and cured in water at 20˚C for 28 days. The prisms were then accurately measured and stored at 20˚C and 65% relative humidity for ninety days after which they were measured accurately to observe the shrinkage values. Table 11 gives the shrinkage of concrete with mixed aggregates.
Shrinkage of concrete with normal construction brick waste aggregates plus gravel in the ratio of 30:70 was almost one and a half times higher than concrete with gravel only for w/c ratio of 0.50, whereas for w/c ratio of 0.385, shrinkage was 25% higher. For the ratio of 40:60 of normal construction brick aggregate and gravel respectively, shrinkage was observed to be twice the value of concrete with gravel only for w/c ratio of 0.50, whereas for w/c ratio of 0.385, shrinkage was observed to be about 30% higher than concrete with gravel only.
Shrinkage of concrete with Sand-lime brick waste aggregates plus gravel in the ratio of 30:70 was almost one and a quarter times higher than concrete with gravel only for w/c ratio of 0.50, whereas for w/c ratio of 0.385, shrinkage was about 10% higher. For the ratio of 40:60 of sand-lime brick waste aggregate and gravel respectively, shrinkage was observed to be twice the value of concrete with gravel only, for w/c ratio of 0.50 whereas for w/c ratio of 0.385, shrinkage was observed to be about 22% higher than concrete with gravel only.
Frost Resistance
The RILEM recommendation on methods of carrying out and reporting freeze thaw tests on concrete without deicing chemicals were followed to carry out an investigation on the comparative performance of concrete with different types of coarse brick waste aggregates and Thames Valley gravel. 100 × l00 × 500 mm prisms were cast and cured for 28 days in water at 20˚C before subjecting them to freezing and thawing cycles. One specimen of each strength was cast with two thermistors at the centre so as to monitor the temperature of specimen during the test. Length change and variation in dynamic modulus were monitored during the test and the residual compressive strength of each specimen recorded at the end of the test. Table 12 gives a summary of the performance of mixed aggregates concrete in frost resistance test. Table 13 gives the comparison of compressive strengths of dummy specimens and specimens of frost resistance test after completion of 50 cycles of freezing and thawing. Concrete with normal construction brick waste aggregate plus gravel mixed in the ratios of 30:70 and 40:60 respectively, both started expanding continuously on cyclic freezing and thawing and the large expansions were accompanied by a rapid decrease in dynamic modulus, as shown in Table 14 and Table 15 . The dynamic modulus decreased by almost 20% in the first twenty cycles after which the decrease was observed to be gradual for w/c ratios of both 0.50 and 0.385. Net reduction in dynamic modulus after fifty cycles was observed to be 23.7% and 28.46% for w/c ratio of 0.50 against 7.33% for concrete with Thames Valley gravel. The associated maximum increase in length was 0.073% and 0.076% as compared to a decrease in length of 0.048% for concrete with Thames Valley gravel. Table 16 and Table 17 
Conclusions
The rate of development of strength of mixed aggregate concrete was observed to be similar to that of normal aggregate concrete. Mixed aggregates concrete developed satisfactory compressive strengths as compared to concrete with gravel aggregate. Flexural strengths were higher by about 5%, the average static modulus of elasticity was observed to decrease by 35% to 40%, and average dynamic modulus for concrete with brick aggregate plus gravel was 20% to 23% lower than the value for concrete with Thames Valley gravel aggregate. The variation of pulse velocity in the case of concrete with brick aggregate plus gravel is 7% to 13% lower as compared to concrete with gravel. Average densities for concrete with brick aggregates plus gravel were 4% to 6% lower than concrete with gravel. ISAT results obtained from tests on concrete with brick aggregates plus gravel showed that surface absorption was almost 50% higher for higher w/c ratio but was however similar to concrete with Thames Valley gravel, for lower w/c ratio. Shrinkage of concrete with brick aggregates plus gravel was almost one and a half times higher than concrete with gravel for higher w/c ratio whereas for lower w/c ratio shrinkage was 25% higher.
Frost resistance of mixed aggregate concrete depends on the absorption and pore size of brick aggregate. Mixed aggregate concrete with normal construction brick aggregate mixed with gravel started expanding continuously on cyclic freezing and thawing and large expansions resulted in rapid decrease in dynamic modulus whereas concrete with sand-lime brick aggregate mixed with gravel showed better frost resistance than gravel concrete for w/c ratio of 0.385.
Keeping in view the characteristics of concrete with waste brick aggregates mixed with normal aggregates, in the ratios of 30:70 respectively, there are no appreciable differences while in the ratios of 40:60 respectively, shrinkage is larger along with lower moduli of elasticity and loss of strength on cyclic freezing and thawing. Such concrete is well suited for low rise construction, pavements and other structures not lying in the areas subjected to freeze thaw in cold regions.
